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			Abstract | Plasmodium knowlesi is a malarial parasite which is found in macaques (long-tailed and pig-tailed). Since 2004, humans infection with malaria holds a key focus throughout Southeast Asia and in Malaysia specifically. P. knowlesi is one of the major five species of Plasmodium which can cause malaria in humans. Identification of different species of Plasmodium can only be confirmed with molecular detection techniques. Researches provided ample evidence of human infections with P. knowlesi and concluded it zoonotic in nature. P. knowlesi infections may lead to a variety of diseases and can be fatal if not treated in time. This review is focused on the occurrence of P. knowlesi among macaques in Malaysia.
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			Introduction

			 

			Malaria is a disease of public health significance, caused by the blood protozoan parasite Plasmodium and is transmitted by the Anopheles genus of mosquito. The parasite causes infections in humans and a wide range of animals (Ramasamy, 2014). Malaria among human is prevalent in tropical and sub-tropical regions, including Asia, Africa and South America (World Health Organization, 2014). According to World Health Organization (WHO, 2014), in 2013 malaria was found in 97 countries around the globe, affecting 3.2 billion people. Approximately 584,000 deaths were recorded of total 198 million reported cases of malaria. Death cases under 5 years old children were 78% among total 90% of the deaths reported in the African region (WHO, 2014). In 2013, approximately 352 million residents in Southeast Asia from 10 countries are living at high risk with recorded 776 death cases. The highest death toll was reported in India at 58%, followed by Myanmar (22%) and Indonesia (16%) (WHO, 2014).

			 

			Among 400 different species of Anopheles mosquitoes, 30 species are considered important vectors for malaria (White, 1982; Connelly et al., 1990). There are over 250 species of Plasmodium described as source of infection in a number of different hosts including reptiles, rodents, birds, primates and other mammals (Rich and Ayala, 2006; Ta et al., 2014; Ramasamy, 2014).

			 

			Various studies on Plasmodium parasites have been carried out to identify its infection in humans. Among them, five species were  identified to be commonly found in humans, which includes P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi (Table 1) (Chin et al., 1965; Singh et al., 2004; White et al., 2014; Ta et al., 2014). 

			 

			According to Kantele and Jokiranta, (2011), wide range primates including apes, lemurs and monkeys are infected by over 30 different Plasmodium species. Among non-human primates, macaques are found to carry most of the Plasmodium species, namely, P. fieldi, P. knowlesi, P. coatneyi, P. inui and P. cynomolgi (Coatney et al., 1971; Fooden, 1982; 1994; Lee et al., 2011).

			 

			Plasmodium knowlesi

			Of all the non-human Plasmodium species, macaques are recognized to carry most of the Plasmodium species compared to any other non-human primate genus. Seventeen species of non-human Plasmodium species are prevalent in Asia (Collins et al., 2004). 

			Table 1: Species of Plasmodium infecting humans

			
				
					
					
				
				
					
							
							Type of Plasmodium

						
							Description
					

					
							P. falciparum
							
							Found worldwide including tropical and subtropical areas, specifically in Africa. Due to its rapid multiplication in blood it may lead to severe loss of blood and cause anemia. The complications may be fatal in case of clogging of small blood vessels in brain which leads to cerebral malaria.

						
					

					
							P. vivax
							
							P. vivax is identified as the most prevalent human malaria parasite in Asia due to high population density in this region. It is also predominant in some parts of Africa and Latin America. It may become active in the liver from dormant stage (“hypnozoites”) and relapse may occur from several months up to several years after the bite of infected mosquito.

						
					

					
							P. ovale 
							
							It is more prevalent in Africa and Western Pacific Islands. The main difference from P. vivax biologically and morphologically is its infection in non Duffy blood group individuals. Sub-Saharan Africa residents are mostly the carrier of this blood group that is, Africans are more prevalent to P. ovale.

						
					

					
							P. malariae
							
							P. malariae unlike other Plasmodium species are found worldwide. It has a quartan cycle while other species have couple of days cycle. P. malariae may lead to serious complications like nephrotic syndrome in some chronically infected patients. It may also cause chronic infection which may lead to lifetime infection if untreated in time.

						
					

					
							
							P. knowlesi 

						
							
							Southeast Asia is the most prevalent zone for P. knowlesi pathogen of macaques (long-tailed and pig-tailed). It is one of the major cause of zoonotic malaria within Malaysia and surrounding countries. It can be fatal due to its 24-hour replication cycle and rapid progression which may cause uncomplicated to severe infection.

						
					

				
			

			

			Adopted from Centers for Disease Control and Prevention (2014).

			 

			In Malaysia, three main non-human primate species are considered to be infected by the above mentioned species of Plasmodium, which are Macaca fascicularis (Long-tailed), Presbytis femoralis (Banded Leaf monkey) and Macaca nemestrina (Pig-tailed) (Coatney et al., 1971; Fooden, 1994; Lee et al., 2011). Macaques may get infected with one or more Plasmodium species, being mostly benign in nature without showing its clinical signs (Coatney et al., 1971).

			 

			The transmission of P. knowlesi (Antinori et al., 2013), P. cynomolgi (Ta et al., 2014) and P. inui (Coatney et al., 1966) to humans through Anopheles mosquitoes proves its zoonotic nature and importance as a public health concern. P. knowlesi can be fatal in case of severe clinical malaria (Cox-Sing et al., 2008). The increase in number of identified cases is due to the availability of better diagnostic tools and the increase in transmission of P. knowlesi from macaques host to humans via mosquitoes (Divis et al., 2015). Its symptoms among humans may be found similar to other malaria parasites (Moyes et al., 2014). 

			 

			Variations in occurrence and transmission of disease may occur due to human activities in forests, increase in industrial wastes and the changing landscapes in the country. The spatial distribution patterns of both mosquito vectors and macaques plays a role in the transmission of the disease (Singh and Daneshvar, 2013).

			 

			Life-cycle of the Malarial Parasites

			Plasmodium needs two different hosts to complete its life cycle; the vertebrate host (intermediate) and the invertebrate host which is female Anopheles mosquito. The infection initiates with the inoculation of sporozoites into the blood stream of vertebrate host due to the bite of an infected female Anopheles mosquito. After travel to the liver of vertebrate host, the sporozoites invades the hepatocytes and undergo an exoerythrocytic phase where they extensively replicate  asexually known as primary schizogony, as a result of which exoerythrocytic schizonts are produced containing many merozoites (Cogswell, 1992; Thayer, 2005). After the release of these merozoites, they invade into the erythrocytes within the bloodstream of vertebrate host forming uninucleate cells known as trophozoites. Schizonts are produced by the asexual replication of trophozoites in erythrocytic phase which further divide and produce mononucleated merozoites. Merozoites are released as a result of rupturing of the infected erythrocyte, of which some will re-invade other erythrocytes and re-continue the asexual cycle. Some of the merozoites undergo development of gametocytes producing microgametocytes (male) and macrogametocytes (female). Patients will experience fever patterns as a result of releasing toxins into the body by rupturing of the infected erythrocyte, which is one of the common symptoms of malaria infections (Singh and Daneshvar, 2013).

			 

			Appearance of clinical signs depends on the species of Plasmodium. The time required for the completion of an erythrocytic cycle among different species may vary from 24 to 72 hours (Coatney et al., 1971; Cox, 2010). The gametocytes cannot be differentiated as gametes within the vertebrate host. After extraction of the blood from the host by female Anopheles mosquito, these gametocytes can only be differentiated into gametes. These gametocytes undergo maturation to form microgametocytes and macrogametocytes at the gut of the mosquito, which activates with the presence of xanthurenic acid along-with decrease in temperature. The fusion of these gametes forms a zygote which is a motile and elongated ookinete. The ookinete developed into oocysts by penetrates through the midgut epithelium. More than 10000 sporozoites are produced as a result of repetitive mitotic division within the oocysts. The number of sporozoites produced varies due to difference of Plasmodium species and the surrounding temperature. The sporozoite migrates to haemolymph and accumulate in salivary glands of the mosquito at acinar cells. Afterwards the malaria life-cycle continues in the same manner of targeting a new vertebrate host and inoculation of the sporozoites (Cogswell, 1992; Cox, 2010). Infections of malaria may vary from severe to life threatening illness in each individual which depend upon the host’s immune and species of parasite. Fever, headache, shivering and occasional nausea are the early clinical signs of malaria (Connelly et al., 1990).

			 

			Detection and Identification of the Malarial Parasites

			Since 1990s, microscopy-based technique is highly adopted technique for routine diagnosis of malaria in laboratory. For identification of Plasmodium in non-human primates, microscopy-based technique is universally accepted as gold standard (Warhurst and Williams, 1996; Tangpukdee et al., 2009). Though, the conventional method for identification of Plasmodium is quick, cheap, require less costly reagents and equipment. But to get accurate and reliable results; these methods greatly depend on parasitemia levels, expertise, smearing and microscopy techniques (Tangpukdee et al., 2009; Farrugia et al., 2011). Due to the morphological similarities of some Plasmodium parasites at certain stages of the life cycle in the vertebrate host blood, microscopy may be challenging to differentiate among them. Plasmodium species which show similar morphological features to human Plasmodium species include P. cynomolgi, P. fieldi and P. inuii to that of P. vivax, P. ovale and P. malariae, respectively (Antinori et al., 2013; Singh and Daneshvar, 2013).

			 

			The performance in malaria diagnostic tests for over two decades have improved extensively. For accurate and specific characterization of the malarial parasites molecular-based identification techniques like PCR have been developed to overcome the difficulties encountering with microscopy-based methods; particularly in cases of low parasitemic level or multiple parasite infections (Steenkeste et al., 2009; Chou et al., 2012). During epidemiological studies and in case of sudden malarial outbreak, due to high specificity and sensitivity nested PCR assay can be the best choice for detection of malarial parasites in dried blood spots and among malaria sporozoites in mosquitoes (Hasan et al., 2009).Other PCR-based amplification assays for identification of malaria include multiplex PCR (Kho et al., 2003; Patsoula et al., 2003), real-time or quantitative PCR (qPCR) (Rougemont et al., 2004), and loop-mediated isothermal amplification (LAMP) (Han et al., 2007). These methods are simpler, less time consuming, less labour intensive and better quantitative diagnostic tools in comparison to nested PCR (Canier et al., 2013). These techniques are more reliable for accurate species detection (Erdman and Kain, 2008) and also can be a helpful tool in identifying drug-resistant parasites and follow-up therapeutic response (Berry et al., 2008; Tavares et al., 2011).Though PCR techniques are highly specific and sensitive for the detection of malarial parasites but due to its high cost of reagents and trained technician, it is still not being implemented in malaria endemic countries. For the identification of Plasmodium in remote or less facilitated areas, immunochromatographic rapid diagnostic tests (RDTs) were developed for differentiation of Plasmodium species, specifically P. falciparum, P. vivax or both antigens, in a single test kit (Murray and Bennett, 2009). RDTs are user friendly, time saving, economical and do not require any specialized laboratory equipment. There is no specific RDT developed for the detection of P. knowlesi commercially while the existing RDTs used for the identification of P. knowlesi showed incorrect results as tested in blood samples of humans and macaques (Foster et al., 2014; Singh and Daneshvar, 2013).Though the RDT is a rapid tool for the detection of malaria but certain improvements are required for better detection and its accuracy to differentiate between the different Plasmodium species, true results in case of low parasetimia and detection of multiple parasite infections (Moody, 2002; Murray and Bennett, 2009). Due to the above mentioned limitations, other diagnosis techniques are adopted for confirmation and characterization of the infections, and monitoring its treatment regimes. 

			 

			Occurrence of Plasmodium knowlesi among Macaques in Asia

			The occurrence of Plasmodium knowlesi among Macaques in Asia is tabulated in Table 2.

			 

			Epidemiology of Plasmodium knowlesi among Human in Malaysia

			In a study by Vythilingam et al. (2008), it was reported that 69.3% humans sampled were positive for P. knowlesi. Earlier, via microscopy, it was observed that 83.78% of the samples were P. malaria positive. Nested PCR of P. malaria positive samples revealed 55.86% samples positive for P. knowlesi and 9.91% had mixed infection of P. knowlesi and other human malaria parasites. P. knowlesi positive cases were reported in all states of peninsular Malaysia except Johor, Perlis, Negri Sembilan and Terengganu while the highest number of P. knowlesi was observed in Pahang at 50.6%. 

			Table 2: Occurrence of Plasmodium knowlesi among Macaques in Asia

			
				
					
					
					
					
					
				
				
					
							Country
							Findings
							Animal Species
							
							Plasmodium Type Identified

						
							Author
					

					
							
							Singapore

						
							
							Wild M. fascicularis (n=3) were positive for P. knowlesi while the peri-domestic monkeys from nature reserve park (n=10) were not infected with any Plasmodium parasites

						
							
							M. fascicularis

							and Peri-domestic monkeys

						
							P. knowlesi
							
							Jeslyn et al., 2011

						
					

					
							
							Thailand 

						
							
							P. knowlesi was observed at 5.6% and 2.3% in M. fascicularis and M. nemestrina respectively.

						
							
							M. fascicularis 

							and M. nemestrina

						
							P. knowlesi
							
							Putaporntip et al., 2010

						
					

					
							
							Singapore

						
							
							Long-tailed (M. fascicularis) and Pig-tailed (M.  nemestrina) macaques in Singapore were initially identified as the natural hosts of P. knowlesi.

						
							
							M. fascicularis, 

							M.  nemestrina

						
							P. knowlesi
							
							Coatney et al., 1971

						
					

					
							
							Palawan Island in Philippines.

						
							
							Blood films from 7 of local crab-eating monkeys (Macaca philippinensis) and 13 similar monkeys were collected for examination of malaria parasites. A total of 42.8 % (3/7) monkeys among first sampling and 61.5% (8/13) monkeys from later sampling showed presence of malari parasites. More specifically, only 5 monkeys showed presence of Plasmodium cynomolgi, P. inui and P. knowlesi

						
							
							Macaca

							philippinensis

						
							
							Plasmodium cynomolgi, P. inui, P. inui and P. knowlesi

						
							
							Tsukamoto and Miyata, 1978

						
					

					
							
							Singapore

						
							
							A total of 71.7% Plasmodium was observed among which P. knowlesi was most prevalent at 68.2%

						
							
							Wild macaques

						
							P. knowlesi
							
							Irene et al., 2011

						
					

					
							
							Thailand

						
							
							It was observed that out of total 566 monkeys sampled in Narathiwat Province, M. nemestrina (n=5), M. fascicularis (n=1) and Semnopithecus obscurus (n=1) showed presence of P. knowlesi infections.

						
							
							M. nemestrina, M. fascicularis and Semnopithecus obscurus

						
							P. knowlesi 
							
							Jongwutiwes et al., 2011

						
					

					
							
							Cebu, 

							Philippines

						
							
							Plasmodium was observed in 6.1% (10/164) of Macaca irus (Macaca fascicularis) samples in the Cebu area of the central Philippines. These positive parasites were inoculated in healthy rhesus monkeys in University of California Medical Center for further observations. P. knowlesi was isolated by showing typical Plasmodium infection signs. 

						
							
							Macaca irus 

							(Macaca fascicularis)

						
							
							Plasmodium cynomolgi , P. knowlesi and P. inui 

						
							
							Lambrecht et al., 1961

						
					

					
							
							Laos

						
							
							P. knowlesi was observed in 0.4% (1/44 in Laos but 276 samples in total from different countries)  

						
							
							Wild-caught long-tailed macaques

						
							P. knowlesi
							
							Zhang et al., (2016)

						
					

				
			

			

			 

			The Ministry of Health Malaysia (MOH Malaysia, 2012) reported decrease in human malarial cases in a number of areas within the country. Though, malarial infections are still a major public health concern in East Malaysia and the central regions of Peninsular Malaysia (MOH Malaysia, 2012). A reduction of death cases (16 deaths) in 2012 compared to year 2000 (35 deaths) was also reported (MOH Malaysia, 2012). In 2012, among the total malaria cases reported in Malaysia, P. knowlesi was observed dominant at 38.4% (n=1813) in comparison to other Plasmodium species (MOH Malaysia, 2012). 

			 

			William et al. (2013), reported a significant rise of P. knowlesi cases between 2004 and 2013 in Sabah region of Malaysia. The increase in P. malariae/P. knowlesi were observed from 1% (1992) to 35% (2011). The increase in cases of P. malariae/P. knowlesi was observed throughout the state of Sabah which showed a gradual progression from southwest to the northeast region of the state. The increase in P. malariae/P. knowlesi cases was observed from 703 (2011) to 996 (2013) with an overall 62% of P. malariae/P. knowlesi as compare to 35% (2011) among all malaria reported cases (William et al., 2014). Due to the increase in number of P. knowlesi cases at 38.4% (n=1813) in Malaysia, it is considered the most important form of human malaria in the country.      

			 

			In a study by Vythilingam et al. (2014), similar trend of significant increase of P. knowlesi/P. malariae cases in Selangor, Peninsular Malaysia was observed. In the same study, over the span of 5 years, P. knowlesi/P. malariae infections were observed mostly in individuals related to agriculture and forestry occupations, which were predominantly young adults aged between 20 – 39 years. An entomological investigation by Vythilingam et al. (2014), revealed that An. introlatus was possibly be an active vector of P. knowlesi transmission in the focused regions. Similar observations were made by Joveen-Neoh et al. (2011) and Naing et al. (2011) at Sabah, where young adults between the age of 20 to 29 years from local forest and plantation regions were found most commonly infected with P. knowlesi.    

			 

			In a study of Yusof et al. (2014), 56.5% of malaria positive blood samples were positive for P. knowlesi among 99.11% of the Plasmodium positive samples. The highest prevalence was observed in Pahang (96.0%), followed by Terengganu (80.0%), while the lowest prevalence observed was in Selangor (16.2%). 

			 

			Prevalence of Plasmodium Knowlesi among Macaques in Malaysia

			In a study by Eyles et al. (1962), blood specimens were collected from 84 pig-tailed macaques (Macaca nemestrina) from various localities in Malaysia and examined for the presence of malarial parasites.  All samples were subjected to blood smear examination and splenectomy, the samples were observed positive for Hepatocystis semnopitheci (17%), followed by P. inui (15%) and Plasmodium cynomolgi (4%). In the second phase of examination, the infections were sub-inoculated in rhesus monkeys, difference in results were observed in 9/17 monkeys. Two more species which are P. fieldi and P. knowlesi were identified. 

			 

			In the study of Vythilingam et al. (2008), a total of 145 monkeys were sampled among which 98.62% were Macaca fascicularis and one (0.69%) each of Presbytis melalophos and M. nemestrina. Among the monkeys sampled from Kuala Lapis, 97.33% were malaria parasites positive by microscopy which later confirmed 13.3% samples positive for P. knowlesi by PCR. Among the monkeys sampled in Kuala Lumpur, a total of 6.90% were positive for malaria parasites among which none was P. knowlesi positive. All the monkeys sampled in Selangor (41) were observed negative for the presence of P. knowlesi. During the study of flanking region of CSP (Circumsporozoite Protein) genes, it was identified that 97.1% to 99.6% of the isolates shows pair wise similarity to P. knowlesi Nuri strain (M11031).

			 

			In another study by Lee et al. (2011) in Sarawak (Kapit Division), it was observed that the blood samples collected from 108 wild macaques (82 long-tailed, 26 pig-tailed) from 17 different locations, 94% macaques identified positive for malaria parasites. Among the wild macaques, long-tailed macaques showed higher prevalence of malaria at 98% while pig-tailed macaques showed prevalence of 81%. Furthermore, nested PCR assays of these samples revealed the infections of 5 different species of Plasmodium which were, P. inui (82%), P. knowlesi (78%), P. coatneyi (66%), P. cynomolgi (56%) and P. fieldi (4%). Multiple species infections i.e. one or more species of Plasmodium were observed in 84% (91/108) macaques. Higher prevalence of P. knowlesi was observed in long-tailed macaques (87%) in comparison to pig-tailed macaques (50%).

			 

			A recent study by Divis et al. (2015), high genetic differences were observed among P. knowlesi isolated from macaque in Borneo and Peninsular Malaysia. In a study by Muehlenbein et al. (2015), Plasmodium parasites isolated from M. fascicularis and M. nemestrina in Sabah showed significant difference suggesting genetic specificity to different host species.

			 

			Conclusion

			 

			There is a high occurrence of P. knowlesi in human, animals and in specific macaques. P. knowlesi was also found in surrounding countries in the region. The alterations in the transmission of P. knowlesi among human and macaques may have occurred because of the changes occurred in forest habitats by human-related activities, industrialization and the changing landscape within and surrounding countries in the region. Awareness of clinicians and health care workers should be made regarding infections, zoonotic and public health significance of P. knowlesi. Surveillance and control measures should be adopted by authorities to counter the prevalence of P. knowlesi among humans and macaques. This study may serve as a template for further investigations of role of macaques in causing zoonitic P. knowlesi.
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Abstract | Plasmodium knowlesi is a malarial parasite which is found in macaques (long-tailed and pig-tailed). Since
2004, humans infection with malaria holds a key focus throughout Southeast Asia and in Malaysia specifically. P
knowlesi is one of the major five species of Plasmodium which can cause malaria in humans. Identification of different
species of Plasmodium can only be confirmed with molecular detection techniques. Researches provided ample evidence
of human infections with P znowlesi and concluded it zoonotic in nature. P. £nowlesi infections may lead to a variety of
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INTRODUCTION

Malnrin is a disease of public health significance,
caused by the blood protozoan parasite Plasmodium
and is transmitted by the Anopheles genus of mosquito. The
parasite causes infections in humans and a wide range of
animals (Ramasamy, 2014). Malaria among human is prev-
alent in tropical and sub-tropical regions, including Asia,
Africa and South America (World Health Organization,
2014). According to World Health Organization (WHO,
2014), in 2013 malaria was found in 97 countries around
the globe, affecting 3.2 billion people. Approximately
584,000 deaths were recorded of total 198 million report-
ed cases of malaria. Death cases under 5 years old children
were 78% among total 90% of the deaths reported in the
Aftican region (WHO, 2014). In 2013, approximately 352
million residents in Southeast Asia from 10 countries are
living at high risk with recorded 776 death cases. The high-
est death toll was reported in India at 58%, followed by
Myanmar (22%) and Indonesia (16%) (WHO, 2014).

Among 400 different species of Anopheles mosquitoes,
30 species are considered important vectors for malaria
(White, 1982; Connelly et al., 1990). There are over 250
species of Plasmodium described as source of infection in a

number of different hosts including reptiles, rodents, birds,
primates and other mammals (Rich and Ayala, 2006; Ta et
al., 2014; Ramasamy, 2014).

Various studies on Plasmodium parasites have been carried
out to identify its infection in humans. Among them, five
species were identified to be commonly found in humans,
which includes P, falciparum, P. vivax, P ovale, P malariae
and P, knowlesi (Table 1) (Chin et al., 1965; Singh et al.,
2004; White et al., 2014; Ta et al., 2014).

According to Kantele and Jokiranta, (2011), wide range
primates including apes, lemurs and monkeys are infected
by over 30 different Plasmodium species. Among non-hu-
man primates, macaques are found to carry most of the
Plasmodium species, namely, P fieldi, P knowlesi, P coat-
neyi, P inui and P (yﬂumu/gz (Coatney et al., 1971; Fooden,
1982; 1994; Lee et al., 2011).

Plasmodium knowlesi

Of all the non-human Plasmodium species, macaques are
recognized to carry most of the Plasmodium species com-
pared to any other non-human primate genus. Seventeen
species of non-human Plasmodium species are prevalent in
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Asia (Collins et al., 2004).





